Corrosion of steel due to chloride ingress is a worldwide problem in reinforced concrete. In order to control such chloride-induced corrosion and evaluate the effectiveness of silane water repellent surface treatment on steel corrosion in concretes with different chloride ingress, two series of reinforced concrete specimens were used to investigate experimentally. In the first series, concrete was applied permanent migrating chloride from a reservoir of 3% NaCl solution which was placed on the top surface of each specimen. For comparison, the same concrete was made with silane water repellenet treatment correspondly. Tests were taken with half-cell potential and polarization resistance methods. Results show that steels in concrete without water repellent treatment have more negative half cell potential, higher mass loss ratio and bigger corrosion current density, and the effect of improvement through silane liquid surface treatment is evident. In the second series,concrete was same to the first one, but for wetting and drying cycle chloride ingress. Results indict that corrosion potentials decreased in negative little and later keep stable in the beginning period after water repellent treatment. Relatively for specimens without treatment, the value of corrosion negative corrosion potentials and corrosion current densities increase all the time.
Introduction
With development, a large number of coastal and offshore infrastructure projects, such as bridges, parking decks, ship terminal, submarine tunnel, etc, will be constructed. In such environment with chloride ingress, corrosion of reinforcement caused by chloride ingress is a serious problem that field of construction engineering has to be faced with. Because of steel corrosion in concrete, many structures have to be maintained or removed, even collapse, and cause enormous economic loss. Therefore, detection and evaluation in steel corrosion, and taking effectual measures to repair and protect such concrete structure have great significance in improving their durability.
It has been reported that surface treatment with silane acts as a barrier between environment and concrete and prevent the entry of harmful substances such as water, chloride, etc [1, 2] . But studies found in technical literatures regarding the effect of water repellent surface treatment on corrosion of steel in concrete have been non-conclusive [3] [4] [5] [6] . In addition, it has not been clear how the measured values on steel corrosion, such as half-cell potential and corrosion rate of steel, are affected by presence of water repellent layer on concrete surface at the time when steel is being corroded or uncorroded. This paper will concentrate on the influence of silane water repellent surface treatment on steel corrosion in concretes with different chloride ingress modes, permanent external chloride ingress and wetting and drying cycle chloride ingress.
Experimental method and theoretical background
Concrete samples are 280×150×115mm 3 with a reservoir of NaCl solution on the test surface. The reservoir with size of 150 ×75×75mm 3 is located in the center of top surface. Upper reinforcing steel is positioned 20 mm from ponded surface and bottom steel are 25 mm from bottom surface. The ends of steel were protected with electroplater's tape and a 200mm portion in the middle is bare [7] . The concrete specimen is shown as in Fig. 1 .
Fig. 1: Sketches of concrete specimen
Half-cell potential measurement, linear polarization technology and mass loss measurements would be used in corrosion test. Half cell device includes one piece of metal in its own solution, such as copper in CuSO 4 solution. When the half cell is connected to iron in ferrous hydroxide， there will be a potential difference between two "half cells", as is illustrated in Fig. 2 . According to this theory, copper-copper sulphate half-cell potential and calomel device were used to monitor the change in potentials in this paper respectively. The criterion to evaluate corrosion probability by half-cell potential is shown in Table 1 . Also linear polarization device includes a half cell that is needed to connect to an auxiliary electrode and a high impedance voltmeter as shown in Fig. 3 . A small potential scan,∆E(t), defined with respect to corrosion potential (∆E =E-E corr ), is applied to a metal sample in this method. And polarization resistance, Rp, of a corroding electrode is defined from Eq. 1 as the slope of a potential versus current density plot at i=0 [9] :
Half cell potential 
Current density is given by i, and corrosion current density, I corr , is related to polarization resistance by Stern-Geary coefficient, B, as shown in Eq. 2.
The dimension of R p is ohm-cm 2 , I corr is uA/cm 2 and B is in mV. Stern-Geary coefficient is related to anodic b a and cathodic b c . Tafel slope is as in Eq. 3.
The criterion for evaluation of corrosion probability by corrosion current density is shown in Table 2 . Table 2 Relationship between degree of corrosion and measurable corrosion rate [10] Degree of corrosion Corrosion current density I corr (uA/cm 2 )
At the end of exposure period, concrete specimens would be carefully destructed and embedded steel bars were recovered. Bars were visually examined to assess their corrosion state qualitatively and then cleaned in an aqueous solution of hydrochloric acid containing a proprietary pickling restrainer [11] ，which is served to dissolve corrosion products and cementitious debris without causing significant attack on the underlying steel. As a result, mass loss ratio of corrosion steel in concrete can be calculated by Eq. 4.
Where, L w is mass loss ratio of corrosion steel in concrete with dimention of %, W 0 is steel weight before corrosion, and W 1 is steel weight after corrosion, while W 0 and W 1 are in gram.
Experimental Program
Portland cement type 32.5, coarse aggregates with maximum diameter of 25 mm, sand with maximum diameter of 5 mm are used in concrete. The concrete compositions are shown in Table 3 . Application of water repellent treatment to concrete surface aims at reducing capillary absorption of water and dissolved aggressive substances. Concrete after hydrophobisation still leaves pores open, so the treatment does not affect the ingress of gaseous species. In this experiment, a type of
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Advances in Civil Engineering and Architecture Innovation silane liquid water repellent agent，whose main properties were shown in Table 4，was applied. Its molecule contains alkoxy groups linked to the silicon atoms, which can react with silicates in concrete to form a stable bond as illustrated in Fig. 4 .
Fig. 4: Reaction of silane with concrete substrate [1]
For charting laconically, specimen coding would be used and two series of tests were carried out, in which M for permanent migrating chloride in the mix, W for water repellent material applied, X for wetting and drying cycles chloride ingress and N stands for no water repellent material applied.
Series one: Permanent chloride migrated into specimens with and without water repellent treatment. The process of MW and MN is illustrated in Fig. 5 .
Series two: Chloride migrated into specimens in wetting and drying cycles with and without water repellent treatment. The process of XW and XN is illustrated in Fig. 6 . The specimen MN was stored in the laboratory for 1 week
The surface of specimen MW has been treated with water repellent agent (one hour contact with liquid silane One week was allowed for polymerization of silane)
Surfaces of specimens MN and MW have been exposed to salt water (3 % NaCl) till the end of whole test wetting and drying cycle cloride ingress will be suspend if corrosion appear in one of the specimens.
The surface of specimenXW would be treated with water repellent agent (one hour contact with liquid silane), One week was stored in laboratory for polymerization of the silane.
After water repellent treatment, the wetting and drying cycle cloride ingress will be repeated as before untill the end of the test.
For XN specimens,the wetting and drying cycle cloride ingress will be repeated as before untill the end of the test.
Surfaces of specimens XN and XW have been exposed to salt water (3 % NaCl) for two weeks.
remove the NaCl solution and put all the specimens in the laboratory for 1 week
The specimens will be stored in the oven for one week(T=７0±3℃)
Casted and demoulded after 24 h
Cured for 14d (T=20±3℃and R.H≥90%)
Experimental results and discussion
The first of this part is to show the effect of water repellent treatment on steel corrosion with permanent migrating chloride ingress. Results of half-cell potential and corrosion current density measurements for reinforced concrete specimens are given in Fig. 7 and Fig. 8 . They show clearly that for water repellent surface treated concrete, two parameters keep lower (negative) values and have similar trend of development of two water cement ratio concretes throughout the period measured. The concrete specimen of MN exhibites highest level of negative corrosion potentials and corrosion current densities. These values obtained mean that corrosion of steel has occured at 35 weeks of exposure period with corrosion potential of approximately -450mV and corrosion current density of about 0.35uA/cm 2 , when the corrosion current density of this concrete specimen is approximately 10 times of MW specimen.
For specimens of MW, corrosion potentials are less negative than -150 mV and corrosion current densites lower than 0.1uA/cm 2 , which tells corrosion did not happen in these specimens.
The mass loss ratios of corrosion steel in these concrete are calculated as Eq. 4. The steel in concrete specimen of MN has a mass loss ratio of 0.19%, while others in fact have none mass loss ratio. As expected, the appearance of steels in terms of products on the surface, coincides with the results of non-destructive corrosion tests elucidated above. While the steel in specimen of MN exhibits much corrosion over the test area. The steels in other specimens do not show any sign of corrosion.
The second of this part is to show influence of water repellent treatment on steel corrosion with wetting and drying cycle chloride ingress. Results of Cu-CuSO 4 half-cell corrosion potentials and calomel half-cell potentials measured in the concrete specimens with wetting and drying cycle chloride ingress are shown in Fig. 9 . Potential measurement are carried out 3 weeks after concrete casting. In the beginning, the value of Cu-CuSO 4 and calomel half-cell potential for all specimens was about -200mV and -115mV, separately. And corrosion current density was about 0.026uA/cm 2 as shown in Fig. 10 . This means all the steel in concrete had risk of corrosion in 10% probability, and steels were in the inactive state. Then all the specimens were applied with wetting and drying cycles chloride ingress from 2Th week to 8Th week. In the cycles, half-cell corrosion potentials increase in negative after 3% NaCl solution migrate into the concrete. However when drying process went into effect, the specimens exhibites lower level of negative corrosion potentials and corrosion current densities than before. This was most probably due to high resistance of reinfored concrete which increase with moisture evaporation from pores in concrete. To compare the corrosion of permanent external chloride ingress, steels in concrete of this series will start to corrode at a earlier stage. Concrete in wetting and drying cycle is easy to generate micro-cracks, which are access for Clto penetration. In this way the water repellent treatment is necessary to such chloride aggressive reinforced concrete structures.
After third wetting and drying cycles, the value of corrosion current density had a sudden increase, higher than 0.12µA/cm 2 . Also the negative corrosion potential of Cu-CuSO 4 became higher than -350 mV, calomel half-cell potential higher than -236 mV. This means that all the steel in concrete had risk of corrosion in 50%-90% probability. Obvoisly, under these conditions, steel in all specimens was going to corrode. Then silane water repellent treatment were carried out to XW specimens. In the beginning corrosion potentials of teated ones decreased (more negative) little with time and later kept relatively stable. Relatively for XN specimens, the value of corrosion negative corrosion potentials and corrosion current densities increased all the time. Results indicts that silane water repellent treatment can provide added protection to the concrete surface in the form of surface treatments. They react with cement matrix and form a hydrophobic layer on the walls of the pores within concrete and establish an effective and durable chloride barrier from Clon concrete surface.
As mentioned already in Eq. 4, the steels in concrete specimen of XN have a mass loss ratio of 1.05%, which is 3 times bigger than XW-ones. As expected, steels in specimen of series XN exhibit much red rust over the test area. And steels in other specimens show sign of little corrosion. This is another indication that service life of reinforced concrete structures can be significantly increased by deep impregnation with silane liquid. 
Conclusions
Water repellent surface treatment can provide effective corrosion protection to reinforcing steel in concrete contacted in both permanent external chloride ingress and wetting and drying cycle chloride ingress. To compare the corrosion of permanent external chloride ingress, the corrosion occur earlier than steel in wetting and drying cycle chloride ingress. In order to prolong the service life of reinforced concrete structures, especially some ones in tide-zone, water repellent treatment can be taken into consideration to reduce the risk of steel corrosion, provided surface treatment is adequately maintained.
